A quantitative characterization method is introduced for estimating surface crack depth using Rayleigh waves in pitch-catch mode by electromagnetic acoustic transducers (EMATs). The method employs the experimentally determined reflection and transmission coefficients of Rayleigh waves scattered at a surface crack, which will be compared to the reference curves obtained from two-dimensional finite element method (FEM) simulations based on variable crack depth. Three EMAT couples with different centre frequencies were employed to extend the measuring range, and to implement the quantitative characterization of crack depth. The reference curves and measurement results were verified to be repeatable with great accuracy, which shows a maximum error of 17% with crack depth ranging from 0.2-3.0 mm.
INTRODUCTION
Surface cracks generated by surface strains in structurally critical materials, such as rails, steel plates, thick-walled pipes, etc., can greatly affect the structural integrity, either during manufacturing process or in the service period. Nondestructive testing (NDT) is therefore becoming an increasingly essential tool for ensuring the structural integrity and safety. 1 Although to confirm the presence and location of cracks by NDT is of great importance, an accurate estimation of crack depth is much more crucial for structural health evaluation. 2 Rayleigh waves are extensively applied in NDT for the detection of surface defects, and are particularly appropriate for crack depth sizing. 3 Rayleigh wave propagates near the surface with its velocity independent of frequency, 4 and attenuates exponentially when travelling from the surface. 5 The energy of Rayleigh waves is concentrated near the surface, making them more sensitive to surface cracks compared with bulk waves. 6 Rayleigh waves can also propagate along curved surfaces, such as pipes with fairly large diameters, in which variation of velocity and phase is negligible. 4 Furthermore, Rayleigh waves can be employed for the characterization of angled surface cracks. 1, 7 Crack depth can be estimated by the scattering phenomena when Rayleigh waves meet a crack. The travelling time and amplitude information of the incident, reflected, and transmitted Rayleigh waves carry the detail characteristics of the crack. 3, 8 In time domain, the propagating time of a surface wave along the crack's cliffs can be measured to estimate the extent of crack penetration. 9, 10 It is an effective approach for depth characterization when the depth is greater than 0.8λ, in which the λ is the corresponding wavelength. Date 8 employed the surface wave transmission method to measure the crack depth to a scale as small as 0.82 mm with a mean error of 0.01 mm using a 5 MHz probe. Similarly, Baby 11 employed time-of-flight diffraction to estimate crack depth in the range of 1.68-19.04 mm with excellent accuracy by using 4 MHz angle beam probes. However, time-domain methods are not appropriate for the evaluation of a surface crack with a depth less than 0.8λ, due to the irregular time delay effect. 3 Hence, the relative amplitudes of the incident, reflected, and transmitted Rayleigh waves at a crack, in form of reflection and transmission coefficients, become prospective for crack depth evaluation. Kino 12 and Ault 13 adopted the reciprocity theory to associate the scattering coefficients with the characteristics of the flaw, and Tien 14 extended this formulation for Rayleigh waves to observe the surface cracks in ceramics. Reflection and transmission coefficient curves can be obtained by numerical calculation and simulation. [15] [16] [17] In contrast with time-domain methods, the methods based on reflection and transmission coefficients are more efficient for estimation of miniscule surface cracks. Resch 18 utilized the reflection coefficient of Rayleigh waves to estimate the crack depth less than 0.05 mm with an average error of 9.6% using surface acoustic wave wedge transducers centred around 3.5 MHz. Hevin 19 detected cracks in concrete structures experimentally, and determined the crack depth within an error of 15% of the actual size. However, when the crack depth is greater than 0.3λ, both the reflection and transmission coefficients oscillate fiercely as crack depth increases, resulting in an ambiguous relationship between the scattering coefficients and the crack depth. 20 It is therefore difficult to accurately estimate crack depth by reflection and transmission coefficients of Rayleigh waves with a single centre frequency. 21 In previous work, piezoelectric transducers and lasers have been widely used to generate and detect Rayleigh waves. [22] [23] [24] [25] Piezoelectric transducers are efficient for energy transformation, but the quality of received signal is critically affected by coupling conditions. Generally, laser ultrasonic equipment is much more expensive and complicated for practical applications. Edwards 2 and Jian 21 employed electromagnetic acoustic transducers (EMATs) to generate low frequency wideband Rayleigh waves for estimation of surface crack depth. EMATs are non-contact ultrasonic transducers that do not require a couplant, and appear to be much more robust despite the coupling conditions than piezoelectric transducers. 26 Meanwhile, the implementation of EMATs shows great simplicity and repeatability, compared with laser ultrasonics. 27
